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MECHANICAL PUUI’EHTIES OF ION- HEAM-TKXTl'HKU 


SCUC.ICAL IMPLANT ALLOVb 
by A. J. WolttamJ 

Nnticnal Aeronautics and Space Administration 
Li*\^'ts Research Center 
Cleveland, Ohio 4-1135 

ABSTRACT 

An electron-oombardment Mu ion thruster was used as an ion source to 
texture surfaces of materials used to make orthopedic and/or dental prostheses 
or Implants. The materials textured include .316 stainless steel, tilanium-6'i 
aluminum, 4% vanadium, and cf»balU20?) chromium, \S% tuiKsten. To deter- 
mine the effect of ion texturing on the ultimate strength and yield strenitth, 
stainless steel and Co-Cr-VV alloy samples were tensile tested tr< failure. 

Three types of samples of both inalerials were tested. One type was ion- 
textured (the process also heats each sample to .30U° C), another type was sim- 
ply heated to .300° C in an oven, and the third type was untreated. Stress- 
strain diaitrams, i).2lh offset yield strength data, total elongation data, and 
area reduction data will be presented. Fatigue specimens of ion textured and 
untextured .316 stainless steel and Ti-6% Al-4% V' were tested. Included as an 
ion textured sample is a Ti-6% AI-4() V sample which was ion m . *.ined by 
means of a Ni screen sputter mask so as to produce an array of 140 pmxi40 pm 
x60 pm deep pits. A table is presented that compares the fatigue characteris- 
tics of ion textured .and untextured samples. Scanning electron microscopy was 
used to characterize the ion textured surfaces. An electron beam microprobe 
was used to analyze the cross sections of the ion textured sani|)les. 
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INTUOin CTION 

Ion Vtiruslc'm uhikI as an induatrlnl tool con modify the Hurlacv structure 
of biological implantH lor tisHue reaiionbc atudieb (rofs. 1 and 2) I'sinK (bib 
tool micnibcopic burface U>xtur<*b can be* produerd on biocompatiblc matcrialb 
(mctalb, alloyb, and polymerb) in a controlled and precibe manner. Ion- 
textured materialb are bemK evaluated at the Caae Webtern Ueberve I'niverbity 
in animal implant btudieb (refb 3 and 4) to determine hard and bott tibbue rt>- 
b|ir>nbe to Hurface texture pn>per(ieb for optimum compatibility. 

While tibbue reb|)onbc btudieb of ion-texturcHl burfnecb implanted in ani* 
malb are beinn conducted, there ib also a need to determine if mechanical prop- 
ertiea (ultimate btrength, yield blreni>;th, and fatigue strenf^h) of materials are 
effected by the ion- texturuiK process lliis paper discusses an experimental 
effort to ascertain the elfects on mechanical properties due to ion texturing. 

In this study, samples of three materials us«‘d for biological implants (ref. 5) 
were ion-textured and then (ensile and/or fatigue tested to determine the result- 
ing mechanical properties. Tlie representative implant materials that were 
tested included 311) stainless bteel (17 chromium, 14% nickel), a titanium 
alloy (6% aluminum, 4% vjuiadium), and a cobalt alloy (20'ff) chromium, Ifft 
tungsten). The cobalt alloy and stainless steel samples were machined into 
standard tensile test 8|X!cimens. Fatigue test samples were prepared out of 
the tuamum alloy and stainless steel. 

Three different sample preparations were used for tensile testing. The 
first group were untextured samples used as controls for comparison with 
handb«x)k valut's of mechanical piriperties. 'ITie second were ion- textured 
samples Because of the heating effect of ion- texturing, a third set of sam- 
ples were heated in an ove". u> 30o” C (the temperature reached during textur- 
ing) and tensile tested. It was then (X)ssible to differentiate the effects of 
heating and ion- texturing on the tensile pmpt'rties. 'Ilie fatigue samples had 



been iinnealed to 8(M)** C prior to lon-texturinK. and it waa not neeesaary to 
test aamplea that were heated only. 

SPI’TTKHINC: APPAHATI S and TKCIINigi E 
Ion Thruster 

A 5-centlmeter- diameter electron bombardment mercury ion thruster was 
used as the ion-beam source for the results refxirted herein. Figure 1 shows 
the schematic of the ion source, which is similar to the thruster reported in 
reference G, except a double- strand, titanium-wire loop coated with an emis- 
sive mix is used for a neutralizer instead of a plasma bridge hollow cathode 
(ref. 7). Eithc'r ty^x* of neutralizer pro ndes the electrons needed to produce a 
hiifh velocity neutral beam. All the samples were textured at a 10-centimeter 
ton- source- to- sample distance. The ion source o(K>rating conditions were main- 
tained at a constmit level of a .10 niA ion- beam current and a 2000 eV ion-beam 
energy. The current density at these operating conditions was 100 p A/cm at 
the sample location. 

O 

During all testing the facility Qperating pressure was between 1..1xl0 ' to 
4.0x10“^ pascal (IxiO”*^ to .1x10'^ torr). 

Ion sources using inert gases have been used to ion- texture surfaces 
irefs. 1 and 2). The resulting surface microstructures are not significantly 
different from these data reported herein using a mercury ion beam. 'Hiero- 
fore, if any materials that react with, absoi43, or arc effected by mercury are 
to be textured, argon may be used as the fuel source. 

Alloys 

All three alloys that were investigated are used to make various types of 
biological implants. Ti-6% Al, 1 o V' is used for orthopedic pixitheses and is 
manufactured according to ASTM standard specification designation. F116-70. 
Co-2Qh Cr, 15% W, whicl is used for heart pacemaker enclosures and dental 
implants, has the AS'l'M designation of F90-G8. The stainless steel used for 
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uurKlcal Implants is made according to ASTM stKH'ilication designation F5£^71, 
OrthoiM'die implants rueh as lione pins, screws, and hip protheses are made 
from this material. 

Ion- Texturlnn 

'Hie tyfie of cylindrical tensile specimen (ASTM E-8) tliat was tested is 
shown in figure 2. All samples were made fi*om the same slock of cobalt alloy 
and stainless steel. Each U. 2y- centimeter- diameter sample, (xiUshed to a 
U. 1 pm- (4 pin > rms- roughness, lapped finish was placed in the beam so that 
its axis was pei'iipndicular to the thrustur axis. The sample was attaehtxJ to an 
apparatus U) rotate it without lurninR off the ion beam. The sample was ion- 
textured for a Riven lenRth of time and then rotated to expose another portion 
of the sample to the ion beam. 'Hie sample was rotated four times so that al- 
most the entire surface was coverc*d with an lon-beam- produced microstrueture. 
Table I Rives the duration of ion- beam texlurinR for each specimen tested. The 
surface temjjcralure resultmR fi*om ion- texturinR for all tensile samples was 
approximately 30o” C. 

Two different standard types of fatiRue samples were tested (ref. 8), FIr- 
ure 3(a) shows a Ti-GAl, 4V’ sample, and fiRure 3(b) shows a 316 stainless steel 
sample. Each sample had a surface finish of 0.2 pm- (8 pm.-) rms- rouRliness. 
All pertinent dimensions for each sample are Riven in the fiRure. It was as- 
sumed that the different sample dimensions would not effect the final fatlRue ro- 
sulls. All faliRue samples of the same material were taken from the same heat. 

Because of their Rreater mass (larRer samples) the fatiRue samples reached 
a temperature of only 200” C durinR ion- texturinR. 'rheredore, it was necesr.ary 
to vary the ion-texturinR technique to produce the desired surface mlcrostruc- 
ture (ref. 9). The surfaces of the fatiRue samples were textured by simul- 
taneous ion- beam- spulterinR of the implant material and a sputter- resistant, 
"seed" mai-^rial while redepositinR the seed material onto the implant surface. 
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hor thtH study tantalum was usihI as the sputter resistant material. The tanta- 
lum, called the seiil material (rel. 10), was located in proximity »o the Implant 
material and at a -Is” anjjlc with respect to the thruster axis. Sputtered Ta 
atoms were de(x>stted on (he implant target by this technique. Sputter resistant 
sites of Ta are thought to be formed. These sites foster the Keneration of a 
rough, sputtered surface (ref. 11). The seed material atoms can be removed 
from the Implant surface by removal of the Ta Irom the Ion beam and subsc< 4 uent 
sputtering of the implant tor 1 to 5 minutes. Analysis of (he suKace using a 
scanning electron micn«scope in conjunction with X-ray energy dispersive spec- 
troscopy indicated that almost all of the Ta seed material was removed alter 
5 minutes. 

To determine the effect of large < ariatlons in surface roughness on the 
fatigue strength, a sample of Ti GAl, 4V was Ion- machined (ref. 12) with a 
l.'iH pmxi.'W pm (X)re nickel mesh sup<*rim|x>8ed. 'Fhe mesh (7.5 pm thick) 
was spot weldtHl to the sample to insure that it was touching or not farther 
away than 20 pm fi”om the surface. Only one area of this sample was exjxjsed 
to the ion beam for a duration of 12 hours. 'Ilils time corresjxmded to the 
complete erosion of the nickel mesh. 'ITio resulting surface structure, shown 
in figure 4, has 140 pmxi40 pm fxires which are (50 pm deep in the surf"'?' 

TKNSlLE TESTS 

Three differi*nt sample treatments were examintil to determine the effect 
of ion- texturing on the tensile pi*opertics. First, untextured samples of both 
31(5 stainless steel and Co-20Cr, 15VV were tensile tested to obtan control data 
for comparison with handbriok data. 'ITie second set of test samples was heated 
to 300^’ C in a furnace (in air) for l(i hours, which corresponded to the maximum 
ion-beam expf)sure duration for any one sample, to determine the effect of high 
temperature on the tensile pro|X‘rties. 'Phe third set tested was the Ion-textured 
samples. 



brnnnlnK oleetron phoU)mic’t'U({ra|)hi» wore taken of the surface of each sam- 
ple, tmd the cross- sectional a>ea of each sample was determined by usln^ a 
shad<JWKra|)l) lH>fore the tensile tests w>;re |X‘rformed. A stress- strain ciiaKram 
was obtauied by usln({ a Wiedemann Baldwin tensile testinR maihtne. A load 
rate of 0,1 centimeter |x>r minute (0.04 in. /min) was used. Tlie ultimate 
strenKth and yield strenjjth (0.2% offset) were determined from the diuKi'ams. 
After a sample was fractured, the diameter at the fracture site and the total 
elongation were measured to determine any ehanKes that mi|jbt occur because 
of ion- texturing. The surface hardness of each ion-textured sample was mea- 
sured usinK the Hockwell hardness technique. 

KATIGL E TESTS 

SEM {thotomicrographs (to be discussed and shown later) were taken of 
untextured and ion-textured samples of .110 stainless steel and Ti-UAl, 4V be- 
fore they were futigue tested. Each sample was tested until failure or until a 
significant number of cycles were performed (700 000 to 800 000) using the 
low-cycle fatigue testinf facility at Lewis Research Center (ref. 10). Negli- 
gible plastic strain hysteresis was observed during the fatigue tests of Ti-(>A1, 
4V. However, because of the considerable amount of plastic strain hysteresis 
involved in the fatigue tests of .116 stainless steel, strain control rather than 
load control was used. 'IVo different cyclic strain levels were im|X)sed. 

These loading conditions, together with all other fatigue loading values, arc 
given in Table 11. 

RESl'LTS AND DIbCT SSlON 

Ion-Textured Surfaces of Cobalt - 20- Percent- Chromium - IS-PercenU 
Tungsten Alloy and .116 Stainless Steel and Their 
Effects on Tensile Properties 

Eigure 5 shows scanning electron photomicrographs of the Co-20Cr-15W 
tensile test sample surface before and after ion-beam texturing. 'Lhc striations 
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on tho control ijample followed the clrcumlcrcnct* of the rod. However, the 
cuneH produci>d by ion-texturtn(( formed rf>WH thut were parallel to the rod axla. 
Thib reault wa» eontrury to the thi*ory of A, N. Hroeia of the I'niversUy of 
Cninbrid^e, C'ambruii;e, KiiKland. II tb unpublibhe<l rebultb bhowed cone forma- 
tion followlnR burfaee serateheb, One difference between Btxierb' theory and 
the Co-20 -Cr-15W rebultb wab that he ube<l a beed material to develop Lie 
mierobtrueture while no beed wab Ubed with t’o-20Cr-l5\V. Kner©’ dibperbion 
bpectrometry resultb (fiR. 0) indicated very little chanRc in the suria.-e compo- 
bitlon of Co-20Cr-15\V ab a rebult of ion-beam le.durlnR, 

The lon-textun'd burfaceof burRical btamlebb bteel ib bhown in fiRure 7. 

The mlcnjbtructure (made without any beed material' w.ab lebb pronounced than 
that of Co-20Cr-15\V. However, if the mlciT)btructure affected the btructural 
pix)}H*rtieb of the material, theae effeetb bhould have been obberved whether the 
topoRraiiliicai featurcb were dcnbc or aparbc. KiRure 8 bhowb that traceb of 
Hr (prebcnt in the vacuum facility) and/or Mo (ion bource Rrid material) mq>’ 
have been prcbent on the surface, but the minor ameuntb indicated for cither 
should not have affected the tensile results. 

FiRurcs 9 and 10 show typical stress-strain diaRrams for Co-20Cr-l 5W and 
sui'Rical stainless steil, respectively, for a control sample, a sample that was 
only heated, and an ion textured sample. Table 111 lists all the parameters that 
were measured or calculated from the tensile tests. ASTM mechanical propt'rty 
values are footnoted in Table 111 fov comparison with control sample results. 

For both materials the ultimate strenRth was essentially unaltercHl after 
heatinR and ion texturinR. ITie ultimate strenRth of treated (ion-textured and 
heated) surgical stainless steel was within 1 percent of the control sample value, 
and the ultimate strength of treated Co-20Cr-15W was within 5 percent of the 
control sample v/d'iea. Th i .on- texturing duration (Table I) had no effect on the 
ultimate strength of the CO'20Cr-15\V samples. 


H 

Tht‘ m«>a*<urt‘d yield streiiKlha (at 0.2 |X‘rcent oHm‘ 0 f>f the heaUtreatiHl 
BurKical BtainlenB ateel HampleR were not BiHnilieonlly different from the eon> 
trul aample valuea. The averaKc yield atrenKth of the hi-at- treated nampIeB 
waH 11 |M‘reenl hl|{lier than the averago yield atrenKlh of the eontrol Bamples. 
However, Ihe average yield atrivigth of the ion -textured aamples wan 20 per- 
cent greater than the average contnil aample value. Hecause of the atatlHti- 
cally inBignificani numlM>r of sampleB tested, it con be condudixl that the 
yield strength did not change. To verify that lon-texturing did not affect the 
compf>8ttion of the stainless steel, metallographic examination of the cross 
sections of Ion* textured and control samples by an electixm microprobe were 
taken. The analysis Indicated that there was no significant compositional dif- 
ference between the ion- textured and control samples. Also, there was no 
change in surface hardness (Kockwell hardness of appn>ximately C-40) asso- 
ciated with the lon-texturmg pnicess. 

'Fhe average yield strength of the ion-textured Co-20- Cr-15W sample was 
nearly identical to the average yield strength of the control and heat-treatcxl 
samples. And, like the stainless steel, Co-20Cr-15\V showed no change in 
surface hardness (Rockwell hardness of appixiximately C-25) as a result of 
ion texturing. 

The lotal elongations of the treated sam()lcs of Co-20Cr- 15W and stainless 
steel did not ch:tnge significantly from the control samfile values which indicates 
that lon-lexturing did not change Ihe ductility of these materials. 

These results indicate that ion-texiuruig tkies not alter the mechanical 
prfiperlles of materials whic.. are not affected by the heating which oevurs. 
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'flic* Kffi>c'tb of lorv-TL‘Xturi‘d Surfacvv of StatnluKS hU>cl and 
Tltoniu.n - <>- I‘ercx*nU Aluminuir -1- IVrcent- Vanadium 
Alloy on Fatltou* PrfjpfiHea 

KlKure 11 hliowH Hemming electron ()hotomlcroKrupha of the aurfaces of 
Tl-GAI, -IV fatigue aampleu before and after ion- beam texturing wltli a Ta 
seed. The ridge atrueture ia characteriatic of thia alloy when textured under 
the given c*onditiona (ref. 13). 

The reaulta of the fatigue teata of Ti-UAI, 4V and 31(i atainleaa atcel are 
ahown in figure 12, 'llie data are ahown in terma of atreaa levela that devel- 
oped to allow direct comparison between the two alloys. Ion- texturing with a 
Ta seed did not degrade the fatigue strengths of either metal. For the severe 
case in which a Nl mesh was superimposed over the T1-6A1, 4V sample during 
ion- texturing the fatigue strength only degraded 30%. From these preliminary 
data points it seems that microscopic ion- texturing does not significantly de- 
grade the fatigue strength. 

CONCLUDING ItKMAltKS 

Fxamination of the effects of iin ion- textured surface on the mechanical 
properties (ultimate strength, yield strength, and fatigue strength) of repre- 
sentative biological implant materials revealed very little degradation of the 
properties, itie average ultimate strength and average yield strength of 
Co-20Cr-15\V was the same (within 5%) for ion-textured and untextured sam- 
ples. The 310 stainless steel samples that were tensile tested revealed that 
the average ultimate strength was unchanged (within 4%) after ion- texturing. 
The average yield strength increased 20*1^. after ion- texturing but this increase 
may be due to the lack oi a statistically significant number of samples rather 
than a change In the yield strength. 

Fatigue specimens of Ti-(iAl, 4V' and 31G stainless steel that were ion- 
textured showed no change in fatigue strength when c-ompared to untextured 
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sampIt'H. Ilu' faliKUi* Htrencth of a TUUAl, 4V’ aantplc that waa ioiv toxtureii 
with a 15M pm port* Nl meah (‘OVvrlnK Ita aurfac-e waa 3U (XTcent lower 

than the untexturi<tl tatlRUe atri^nKth. 
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TAIU.K I. - lON-HKAM KXPOSHIK Dl HATlONb FOH 
Co-20Cr-l5\V ALLOY AND 31« STAIN LKhb STEEL 
TENSILE SAMPLES AND 310 STAINI.ESS STEEL 
AND Tl-OAl, 4V FATIGUE SAMPLES 


Sample material 


Ion- be am 
tcxturlnK 
time per 
aide rotation, 
hr 


Number of 
areas 
exposed to 
ion beam 


Tensile 

Co-20Cr-\VT5 alloy 


7 


5 


4 

2J 


4 


3 

2 

5 


Tensile 

310 stainless steel 


4 


5 


Fatigue 


2i 


Ti-OAl, 4V 


5 


Fatigue 

310 stainless steel 


2 


5 
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TAULK II. - LOADING CONDITIONS 
KOIt 310 STAINLESS STEEL AM) 
Ti-GAl, 4V FATICl'E SAMPLES 


Sample 

Load 


fi/nr 

psi 


xio^ 

xlO^ 

Untexlured 

rai 

BB 

310 stainless steel 

a 

Bl 

Ion-ttxturt*d 


*42.?, 

stainless sIcmM 

BB 

*48 

I’ntextured 

i4.4 

d04.8 

T1-5A1, 4V 



Ion- textured 

t4.4 

:t04.8 

Tl-OAl, 4V 



I'>n- textured 

mm 

dOO. 2 


Ti-OAl, 4 V with 
158jj pore Ni mesh 
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TAIII.r III. - KKbl I.TtiOK Tl NKII.K TMTbOK C'o>2U('r.|5W AI.I2IY AMI bl lUiK'AI. bTAINI.KNb M CM, 


— 
bam|ilv material 

— 

bam)4e 

rillmale alrenKlli 

0. 21 ollael y 

eld alreniith 

1 lonKatlon. 

Avrraiie Initial 

llerlui tum 


numiH'r 

N/m* 

pal 

N/m* 

pal 

|M-reenl 

diameter 

in urea at 






tin 

If). 

alle. 

percent 

blainleaa aleel 










t'lintrol" 

1 

1.23x10* 

177 400 

1.02-10* 

147 000 

9 

0 29 

0. 114 

05 


2 

1.25 

IHO lOU 

1 11 

160 600 

8 

.23 

.OSS 

tt2 

Healed l30o" O 

■■ 

1.24 

179 200 

1.14 

164 000 

4 

B 

.114 

31 



1.20 

181 000 

1.17 

105 800 

— 

■g 

.114 

.... 


H 

1.37 

197 400 

1.29 

180 400 

7 

B 

.110 

00 

loiw textured 

0 

1 . 30 

187 700 

1.23 

185 000 

H 

.27 

.110 

mm 


7 

1.24 

178 900 

1. 28 

17 6 900 

7 

.27 

.107 

RH 


n 

1.3G 

180 400 

1.28 

184 000 

9 


.075 



9 

1.28 

185 000 

1.31 

188 000 

7 


086 

45 

E'o-20t'r-15W alloy 







■1 


■■ 

fontixjl** 

to 

9.40»10* 

135 000 

4.02x10* 

00 700 




0.114 



11 

9.35 

134 800 

4.56 

05 800 

57 

HI 

.114 

mm 


12 

C.82 

127 100 

4.30 

62 000 

49 

.29 

.113 

■H 

Heated (300° O 

n 

8.93 

128 000 

4.53 

05 400 

S3 

.29 

.114 

45 


14 

9.35 

134 400 

4.29 

01 700 

V.t 

.29 

.114 

48 

Ion- textured 

IS 

9.30 

134 000 

4.74 

08 .300 


B 

.096 

38 


10 

8.75 

120 100 

4.42 

63 800 


mm 

. 108 

48 


17 

9.05 

130 400 

4.70 

07 800 



. 100 

38 


IH 

9.50 

136 900 

4.04 

66 6011 



. 100 



19 

9.64 

138 700 

4.72 

(i8 UUO 

53 


.097 



"ASTM dcsI'tnaUon K95-71, aurKU-nl alulnU'ia stpcl; ulUniaU' atrrnKth, 7.6S«10^ U) 9.73X10** N'/m^ (IIU 000 to 
140 000 pal). 

**AbTM tlealpia' Ob. ro.20C'r-lSW alloy; uUIrnuU* alrcOKth. 8.6»x|0** N/m* (12 5 000 pal), yield atrenKth. 

3. 12xlo" N/m^ (45 000 pal). 
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Figufe 1 - Fatigue samples. (All dimensions in cib. » 


Figure 2 - Tensile lest specneen ano its relation to .on beam 
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Figi’re 5. - Scanning electron pholomictogtaphs ol Co-20Cf-15W before 
and after ion beam texturing 
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Figure 6. • Eneigy dispersion *r(8lysis of Co-20Ci-l5</ before 
and after ion texturing 





(b) After. 
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Figure 7. • Scanning electron ptiotomicrographs of stainless steel 
before and after ton texturing. 
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Figure 8. • Energy dtsperston analysis of stainless steel before and 
after ion texturing 
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